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Abstract

Purpose More than 90% of patients with diabetes worldwide are type 2 diabetes (T2D), which is caused by insulin
resistance or impaired producing insulin by pancreatic {3 cells. T2D and its complications, mainly large cardiovascular
(LCV) and kidney (Ne) complications, are the major cause of death in diabetes patients. Recently, the dysregulation

of peripheral T cell immune homeostasis was found in most T2D patients. However, the characteristics of T-cell recep-
tors (TCR) remain largely unexplored in T2D patients.

Patients and methods Here we investigated the TCR repertoire using high-throughput sequencing in peripheral
blood collected from T2D patient with (8 LCV and 7 Ne) or without complications.

Results Our analysis of TCR repertoires in peripheral blood samples showed that TCR profiles in T2D patients

with complications tended to be single and specific compared to controls, according to the characteristics of TCR
repertoire in V-J combination number, diversity, principal component analysis (PCA) and differential genes. And we
identified some differentially expressed V-J gene segments and amino acid clonotypes, which had the potential

to contribute to distinguishing T2D patient with or without complications. As the progression of the disease, we
found that the profiling of TCR repertoire was also differential between T2D patients with LVD and Ne complications
base on this pilot analysis.

Conclusion This study demonstrated the protentional unique property of TCR repertoire in peripheral blood of T2D
patient with and without complications, or T2D patients with LVD and Ne complications, which provided the possibil-
ity for future improvements in immune-related diagnosis and therapy for T2D complications.

Keywords Type 2 diabetes, Large cardiovascular complications, Kidney complications, T-cell receptor repertoire,
High-throughput sequencing

Introduction
Diabetes mellitus (DM) is a global health problem, which
e : affect approximately 8.3% of adults worldwide, expected
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for a long term could result in the development of sev-
eral complications, including macrovascular disorder
such as atherosclerosis, as well as microvascular disorder
such as nephropathy, neuropathy, and retinopathy [3].
DM and its complications accounts for 5.2% of all deaths,
and is the fifth principal death cause worldwide. In T2D
patients, morbidity and mortality from cardiovascular
complications are the highest, and kidney complications
are highly prevalent in Asia patients [4]. Hyperglyce-
mia in diabetes is thought to cause dysfunction of the
immune response, which fails to control the spread of
invading pathogens in diabetic patients.

Recently, studies had suggested that adaptive immune
system, especially T cells, played a vital role in the
development of T2D. Studies have shown that diabetic
patients, the levels of naive T-cells and TCRV} repertoire
diversity were reduced, but the number of effector T cells
was elevated [5]. Due to the variety of foreign antigens,
the quantity and diversity of TCR repertoire determines
the T cell-mediated immune response to a given antigen
[6]. The diversity of TCR repertoire is mainly determined
by complementary determination region 3 (CDR3) gen-
erated by genomic rearrangement of the variable (V),
diversity (D), and joining (J) regions [7]. Therefore, high-
throughput sequencing (HTS) of CDR3 region on the
TCR could facilitate our understanding of the adaptive
immune state of the organism. Recently, several studies
have illuminated that CDR3 diversity of TCR can serve
as a relatively stable biomarker, contributing to early
disease diagnosis, efficacy monitoring, and prognostic
evaluation [8, 9]. However, few studies compared the dif-
ferences of TCR repertoire in T2D patients with or with-
out complications.

In the present study, we analyzed the difference in com-
position of TCR repertoire in peripheral blood of T2D
patients with or without complications. We hope that
TCR repertoire analyzing will be helpful to determining
the immune status and contribute to differential diagno-
sis, efficacy assessment, and prognosis prediction.

Material and methods

Patient enrollment

Large cardiovascular complications (LCV), and kidney
complications (Ne).Screening 30patients as the research
objects, according to the presence or absence of com-
plications were divided into two groups from Shandong
University of Traditional Chinese Medicine Affiliated
Hospital.Clinical data was extracted from our medi-
cal records, including gender, age, BMI, fasting blood
glucose (FBG), glycosylated hemoglobin (HbAlc), total
cholesterol (TC), triglyceride (TG), high density lipopro-
tein-cholesterol (HDL-C), low-grade lipoprotein choles-
terol (LDL-C), comorbidity information, complications
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information, current therapy and family history of dia-
betes. The Shandong University of Traditional Chinese
Medicine Affiliated Hospital’s Ethics Committee exam-
ined and approved each procedure. Every patient’s com-
pleted an informed consent form in accordance with the
Institutional Review Board-approved procedure (regis-
tration number:(2018) No. 025 Ethics-KY).

Sample processing and TCR sequencing

Venous blood samples were collected in EDTA vacu-
tainer tubes at volumes greater than 2 mL. Total RNA
was extracted from samples using RNA simple Total
RNA Kit (DP419, Tiangen Biotech, Beijing, China).
In this study, the minimum concentration of total RNA
was 1008 ng, and all samples were qualified base on the
threshold of RNA input (100 ng). The concentrations of
total RNA were evaluated using a NanoDrop ND-2000
spectrophotometer (Thermo Scientific, UK). c¢DNA
synthesis and multiplex PCR amplification of all possi-
ble rearranged TCR B-chain sequences were performed
together using the Immune Repertoire Library Prepa-
ration Kit (Geneway, Jinan, China) following a protocol
described in a previous study [10]. TCR libraries were
sequenced on the DNBSEQ-T7 platform (MGI, Shenz-
hen, China), generating paired-end short reads with 150
bp in length.

Sequencing data preprocessing

The sequencing data were stored in FASTQ format, in
which raw reads were demultiplexed according to the
sequences of index primers corresponding to different
samples. The low-quality sequences were discarded for
quality control and the remainders were mapped into V,
D, and ] gene segments of TCR p-chain using the MiXCR
software (version 3.0.6) with default parameters for both
sequencing alignment and clonotype assembly [11]. TCR
reference gene data were downloaded from the IMGT
database (http://www.imgt.org/vquest/refseqh.html). The
frequency of each TCRp clonotype was further converted
into rpm (reads per million) for standardization.

Availability of data and materials

The raw datasets generated and analyzed during the cur-
rent study are available in the NCBI-SRA repository,
which can be accessed at the Sequence Read Archive of
National Center for Biotechnology Information (NCBI,
PRJINA980965).

Statistical analyses

The data were analyzed with R software (version 4.0.2).
Continuous data were presented as means * standard
deviation while categorical variables were presented
as number and percentage. For continuous variables,
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Student’s t-test or Wilcoxon rank-sum test was used for
comparison between the two groups. For categorical
variables, Fisher’s exact test was performed. P<0.05 was
considered as the threshold of statistical significance.
The diversity of samples were evaluated base on D50
Diversity index and Gini index. The diversity from the
cumulative 50% of the total CDR3 detected in the sample
was measured using the D50 index [12]. The Gini index
ranged from 0 to 1,and was calculated by “ineq” package
inR[13].

Results

Characteristics of participants

During the research period, 30 T2D patients and their
blood samples were enrolled. These samples were quali-
fied and underwent TCR sequencing, and grouped base
on their clinical backgrounds. Finally, we investigated
the TCR repertoire using high-throughput sequencing in
peripheral blood collected from 30 T2D patient with (8
LCV and 7 Ne) or without (15 None) complications. The
detail infomations of each sample was shown in Table 1.

The basic characteristic of TCR repertoires in T2D patients
with or without complications

We performed TCR repertoire sequencing analysis of
peripheral blood in T2D patients with or without com-
plications (complications group and control group). We
assembled the immune sequences and identified the
V-] combinations at the transcription level. The results
showed that the quantity of V-] combinations identi-
fied had a decreased trend in complications group than
control group, but there was no statistical significance
(Fig. 1A). We further performed Principal Component
Analysis (PCA) on the V-] combination frequency pro-
file. As shown in the PCA plot (Fig. 1B), a difference was
found between complication group and control group.
PCA of complication group was more loose than the
control group, and showed a more broad spectrum of
immune defense characteristics. TCR expression pro-
files were subsequently analyzed to assess their systemic
immune responses.

We calculated the D50 Diversity and Gini indexes to
estimate the diversity of TCR clonotypes in each sam-
ple, which were not relevant to the variation of sample
sequencing depth. The results showed that D50 Diver-
sity index of complication group was lower than control
group (Fig. 1C, P<0.01). Moreover, Gini index showed
that complication group was higher than control group
(Fig. 1D, P<0.01). The above data indicated that the
diversity of TCR profiles decreased in complications
group compared with control group.
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Different gene expression of V-J gene combinations in T2D
patients with or without complications

We utilized the circos plots to show the average fre-
quency usages of V/] gene combinations, which were
found to be similar between complications group and
control group (Fig. 2A,B). As figures showed, the V gene
is more variable than the J gene in both groups and major
genes clonotypes were same in both V and ] genes.A
total of 60 V and 14 ] gene segments were identified in
all samples. Compared with control group, complications
group showed significantly higher percentage in the gene
segments of TRBJ1-6 (Fig. 2C), and TRBV27, TRBV2S,
TRBV3-2 (Fig. 2D). The above data indicated that the dif-
ferentially expressed V-] gene segments had the potential
to be markers for T2D with or without complications.

Different amino acid clonotypes in T2D patients

with or without complications

We further analyzed and compared the abundance of
CDR3 sequences between complication group and con-
trol group. There was 50,863 up-regulated and 44,628
down-regulated CDR3 sequences (Fig. 3A,B). Also, we
analyzed the differential expression of amino acid clo-
notypes. We found there were 25 differentially expressed
amino acid clonotypes, in which 8 were up-regulated
and 17 were down-regulated (Fig. 3C), which had the
potential as the diagnostic marker of T2D patients with
or without complications in the peripheral blood. Their
sequences were presented in Fig. 3C.

The characteristic of TCR repertoires in T2D patients
with LVD or NE complications
Finally, we analyzed the characteristics of TCR reper-
toires in T2D patients with LVD or NE complications.
The data showed that the quantity of V-] combinations
in patients with LVD was more than ones with Ne, but
there was no statistically significant (Fig. 4A). Then we
performed PCA on the V-] combination frequency pro-
file of patients with LVD or Ne, which was also able to
distinguish between the two groups (Fig. 4B). The D50
Diversity and Gini indexes showed that the diversity
of TCR composition in the group with LVD tended to
increase over the group with Ne, but it was not statisti-
cally significant (Fig. 4C,D). To analyse the specificity of
immune sequence abundance in patients with LVD or
Ne, we found that high abundance sequence in patients
with LVD appeared to be more than patients with Ne
(the large color chip represented high abundance of this
sequence) (Fig. 4E,F).

We aligned the alignment of the top 50 abundant
CDR3 sequences with the indicated length to make
motif diagram. And the results showed that the motif
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Fig. 1 The quantity of CDR3 sequences number and diversity analyses between complication and none-complication in T2D. A Box plot
of the quantity of CDR3 sequences numbers. B The PCA plot for TCR profiles. C Diversity analysis of D50 diversity index. D Diversity analysis of Gini
index. Groups were compared using unpaired Student ’s t-test. Red indicated the complication group, blue indicated the none-complication group

in patients with LVD was different from patients with
Ne (Fig. 4G,H), which suggested that selecting suitable
amino acid sequence can effectively distinguish patients

with LVD or Ne.

Discussion

The pathogenesis of type 2 diabetes is insulin resist-
ance and impaired islet B-cells function of the pancreas,
accounting for approximately 90% of diabetic patients
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Fig. 2 Character of V-J combinations between complication and none-complication in T2D. A-B V-J gene combinations circle plots

of the complication group (A) and the none-complication group (B). The leftward side indicated J gene segments and rightward side indicated V
gene segments. This plot showed the situation of V/J gene combinations. The length of sectors represents the relative usage frequency of the V genes
or the J genes. The width of the links connecting the V genes and the J genes represents the relative usage frequency of the V/J combinations. C-D
Bar plots showed differential gene segments of J gene segments (C) and V gene segments (D) between complication and none-complication groups’
individuals. The asterisks meant P<0.05, red was the complication group and blue was the none-complication group

[14]. T2D patients have a greatly increased risk of cardi-  death in non-communicable diseases each year, with

ovascular, renal, brain complications and so on, among about 17.6 million people [15].

which cardiovascular complications caused the highest T1D is a typical organ-specific autoimmune disease in
which the predominant immune response is mediated
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Fig. 3 Character of differential CDR3 sequences. A The volcano map showed information on differentially expressed amino acid CDR3 sequences
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dots were difference sequences with decreasing abundances. B Part of the differentially expressed amino acid CDR3 sequences of complication
and none-complication groups were displayed in this scatter plot, the red dots were difference sequences. C Part of the differentially expressed
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by T cells targeting the islet insulin-producing beta cells
[16]. Previous investigators had analyzed the profiling of
TCR repertoire in the peripheral blood of T1D patients
by high-throughput sequencing, which could identify

high abundance unique CDR3 amino acid sequence, pro-
viding support for specific TCR sequences as biomark-
ers and potential therapeutic targets [17].However, T2D
is not an autoimmune disease, but recent researches
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showed that T cells could remove to the visceral adipose
tissue (VAT) with a TCR repertoire changed, which dem-
onstrated the expansion of antigen-special T cells were
occurred in the VAT [18]. Another study showed that
all VP families of resident T cells in the adipose tissue of
T2D patients were significantly altered, suggesting that
adipose tissue-resident T cells have specific restricted
TCR repertoires [19]. TCR repertoire bias of tissue-res-
ident T cells occurred frequently in organ-special auto-
immune diseases [20], but was little reported in T2D
patients.

An important feature of T2DM is chronic low-grade
inflammation. Abnormal lipid metabolism can trigger
chronic inflammatory response. This chronic inflamma-
tion may activate T cells, leading to abnormal immune
responses.

In the present study, we analyzed the characteristics
of the TCR repertoires in the peripheral blood of T2D
patients with and without complications by using the
techniques of high-throughput sequencing. We found
that although there was no statistical difference in the
quantity of V-] combinations between with and with-
out complications, there was a decreasing trend in the
patients with complications. PCA analysis had better dis-
tinguished the V-] combination frequency profile between
T2D patients with and without complications. Both D50
Diversity and Gini indexes indicated that the diversity of
TCR profiles decreased in complication group compared
with control group. The above data indicate that the TCR
repertoires of the complication group were significantly
changed compared with the control group, which may be
caused by the specific amplification of TCRs against anti-
gen. Moreover, we screened out the specifically amplified
fragments (TRBV27, TRBV28, TRBV3-2, and TRBJ1-6),
and also 25 differentially expressed CDR3 sequences (8
up-regulated and 17 down-regulated) in the complication
group, which had the potential to be a marker to predict
complications of T2D patients.

To distinguish the profiles of TCR repertoires in T2D
patients with different complications, we also analyzed
and compared patients with LVD and Ne complica-
tions using high-throughput sequencing. We found
that though there was no statistically significant, the
quantity of V-] combinations in patients with LVD was
more. And PCA on the V-] combination frequency

(See figure on next page.)
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profile could distinguish between LVD and Ne groups.
Though there was no statistically significant, the diver-
sity of TCR composition showed by D50 Diversity and
Gini indexes in the group with LVD tended to increase.
Moreover, the motif diagram of top 50 abundant CDR3
sequences showed that selecting suitable amino acid
sequence can effectively distinguish patients with LVD
or Ne complications.

TCR is a special marker that can determine the antigen
specificity of specific T cells. Due to the development of
sequencing methods and computational analysis tech-
niques, TCR repertoires have become important drug
candidates for a new generation of cell-free T lympho-
cyte markers. TCR biomarkers have the following advan-
tages: 1) can be used for assays that do not require live
T cells; 2) reduce intra- and inter-assay variability due to
cell condition and operator performance; 3) newly devel-
oped high Throughput sequencing technology can detect
rare and poorly responsive T cells.

Recently, high-throughput sequencing for TCR rep-
ertoires has been used to display T cells function in dif-
ferent conditions, such as immune diseases or cancers,
suggesting that TCR repertoire may have the potential
to reflect the immune status or serve as the prognostic
marker [21]. Previous research on T-cell immunity and
T1D evaluation was mainly carried out by methods such
as Western blot, T cell proliferation, ELISPot and flow
cytometry. These methods can distinguish T1D patients
from normal controls, but their sensitivity and specific-
ity are lower than using their own antibodies [22]. How-
ever, the immunoblot and T-cell proliferation assays
usually required freshly isolated cells, which limited their
application in the detection of a large number of clinical
samples [23]. ELISpot and MHC polymer detection tech-
nologies could accurately identify target antigen epitopes
and T lymphocyte phenotypes, but due to the limita-
tions of sample conditions and HLA, multi-center studies
were greatly hindered. However, through high-through-
put sequencing for the profiling of TCR repertoires,
researchers now can identify T cell clones, phenotypes,
and the specific epitopes of T cells independent of HLA
haplotypes [24].

There are still some limitations in this study that should
be addressed. First, the current results are limited by
the retrospective nature of our study. The relationship

Fig. 4 Analysis of LVD and Ne groups. A Box plot of the quantity of CDR3 sequences numbers. B The PCA plot for TCR profiles. C Diversity analysis
of D50 diversity index. D Diversity analysis of Gini index. Groups were compared using unpaired Student s t-test. E-F treemap of module CDR3
sequences abundances in LVD group (E) and Ne group (F). G-H Logo plots showed consensus CDR3 motifs in LVD group (G) and Ne group (B),
which illustrated amino acid CDR3 sequences whose expressed abundances were in top 50. Yellow indicated the LVD group, purple indicated

the Ne group
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between TCR diversity and T2D development must be
verified in prospective studies. Second, the relative small
sample size might compromise the reliability of conclu-
sions, which could be further confirmed by large-scale
clinical cohorts. In addition, the causality and the pre-
dominant effects of TCR repertoire on T2D develop-
ment remain unclear, and further study on the underlying
immunological mechanisms is required.

There were several limitations of this study. First, all of
the samples analyzed here were collected from one center,
and the sample size was modest. Second, this analysis
was based on bulk tissue samples, and these could not
be used to identify immunological cells extracted from
tissues. Finally, the specific function of each immune
clonotype could not be identified. Therefore, large-scale
investigations in the future are warranted.

In summary, this study revealed the divergence in TCR
repertoire in T2D patients with (LVD or Ne) or without
complications. Our findings provided novel insights into
the role of T cell immunity in T2D incidence and pro-
gression, which may support the development of early
diagnostic methods and targeting immunotherapies.
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